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A  solar  chimney  power  plant  (SCPP)  is  proposed  to  be  built  in  Qinghai-Tibet  Plateau  where  there  is 
abundant  solar  radiation,  high  direct  solar  radiation  low  atmospheric  temperature,  large  diurnal 
temperature  range,  and  lots  of  salt  lakes  working  as  heat  storage  system,  which  can  help  to  improve  the 
power  output  of  SCPP.  The  plant  is  expected  to  power  local  railway  traffic  lines  and  act  as  a  solar  power  base 
to  supply  power  for  national  development.  The  performance  of  the  SCPP  that  will  be  built  in  Qinghai-Tibet 
Plateau  is  analyzed  and  power  potential  estimated  by  developing  a  simple  mathematical  model.  It  is  found 
that  SCPP  if  built  in  the  plateau  can  produce  twice  more  power  than  an  SCPP  built  on  the  same  latitude  of 
other  regions.  The  yearly  power  potential  for  SCPP  in  Qinghai-Tibet  Plateau  is  estimated  to  be  86.8  million 
TJ.  When  1 0-20%  of  the  plateau  land  is  used  for  the  SCPP,  the  yearly  power  output  may  reach  8.7  million  TJ 
to  17.4  million  TJ,  accounting  for  10.7-21.3%  of  China’s  energy  consumption  in  2008  which  stood  at  81.6 
million  TJ.  It  is  found  that  the  SCPP  in  the  plateau  can  support  local  and  national  development  together  with 
other  renewable  energy  resources  such  as  hydroelectric  power  and  wind  power. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


Contents 


1.  Introduction .  2249 

2.  Description  of  SCPP .  2250 

3.  SCPP  in  Qinghai-Tibet  Plateau .  2250 

4.  Mathematical  model .  2252 

5.  Results  and  discussion .  2252 

5.1.  Performance  of  SCPP .  2252 

5.2.  Performance  of  SCPP  in  Qinghai-Tibet  Plateau .  2253 

5.3.  Power  potential  of  SCPP  in  Qinghai-Tibet  Plateau .  2254 

6.  Conclusion .  2254 

Acknowledgements .  2255 

References .  2255 


1.  Introduction 

Large-scale  western  development  policy  has  entered  the 
implementation  phase  in  China  in  the  recent  years.  However,  the 
western  regions  of  China  are  usually  high-elevation  areas  and  far 
away  from  the  developed  eastern  regions.  It  is  important  part  of  the 
project  of  large-scale  western  development  to  build  expedient 
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traffic  lines  to  link  the  western  regions  and  the  developed  eastern 
regions.  The  famous  Qinghai-Tibet  Railway  from  the  Xining,  Qihai, 
to  Lhasa,  Tibet,  located  in  Qinghai-Tibet  Plateau,  was  built  and 
started  to  be  used  on  July  1 , 2006,  which  had  a  span  of  1 956  km  and 
mean  elevation  of  more  than  4000  m  [1  ].  Since  the  electric  network 
is  hard  to  power,  the  trains  in  the  high  and  remote  Qinghai-Tibet 
Plateau  are  driven  by  diesel  transported  from  Sinkiang.  In  the  high- 
elevation  railway  regions,  air  is  very  thin.  This  causes  incomplete 
combustion  of  the  diesel  and  the  diesel  engines  work  at  nearly  half 
their  efficiencies.  Two  or  more  diesel  locomotives  are  always 
needed  to  pull  the  trains  and  this  requires  much  more  energy  than 
using  electric  network.  Furthermore,  rapid  development  of  the 
global  economy  and  increase  in  population  and  living  standards 
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have  been  posing  great  pressure  on  energy  resources  and  the 
environment  in  China  [2].  Accordingly,  to  utilize  the  local  renewable 
energy  sources  to  generate  electric  power  to  run  the  railway  traffic 
lines  and  supply  the  rest  to  the  developed  regions  by  high-voltage 
lines  is  an  effective  measure  to  promote  local  and  national 
development.  In  China,  annual  global  solar  radiation  increases 
gradually  from  the  Northeast  to  Southwest  regions.  Maximum 
annual  solar  radiation  in  excess  of  6500  MJ/m2  is  found  in  Qinghai- 
Tibet  Plateau  (Fig.  1 )  where  less  sunlight  is  scattered  by  thin  air  and 
the  path  travelled  by  the  rays  is  short.  It  is  difficult  for  the  thin  air  to 
block  the  ground  reflection  such  that  local  atmospheric  tempera¬ 
ture  is  low  [3-5].  SCPP  is  therefore  a  good  choice  for  utilizing  local 
solar  radiation,  where  a  solar  collector  is  used  to  store  solar 
radiation  and  a  chimney  drives  the  airflow  to  the  turbine  generators 
to  generate  electricity  assisted  by  temperature  difference  of  the 
collector  air  and  the  ambient  [6].  China’s  Railways  Ministry  has 
shown  great  interest  in  this  solar  chimney  power  technology. 

By  using  a  simple  mathematical  model  developed  based  on 
energy  balance,  the  performance  of  SCPP  in  Qinghai-Tibet  Plateau 
is  analyzed,  and  compared  with  other  regions,  and  the  power 
potential  of  SCPP  in  this  plateau  is  estimated  in  this  paper. 

2.  Description  of  SCPP 

The  concept  of  SCPP  was  first  described  in  a  publication  written 
by  a  German  author,  Gunther  in  1931  [7].  SCPP  utilizes  solar  energy 
to  produce  ventilation  that  drives  air  turbines  to  produce  electric 
power.  The  technology  combines  three  components:  a  collector,  a 
chimney  and  air  turbines  [8].  In  the  collector,  solar  radiation  is 
used  to  heat  an  absorber  (ordinarily  soil  or  water  bags  [9])  on  the 
ground,  and  then  a  large  body  of  air,  heated  by  the  absorber,  rises 
up  the  chimney,  due  to  the  density  difference  from  the  air  inside 
the  chimney  and  the  ambient  air.  The  rising  air  drives  turbines 
installed  at  the  chimney  base  to  generate  electricity  (see  Fig.  2). 
The  solar  collector  produces  greenhouse  effect  to  store  solar 
energy.  High  chimney  produces  driving  force  of  airflow  together 
with  the  temperature  difference  of  the  collector  air  and  the 
ambient.  Proposed  by  Schlaich  in  1978,  a  pilot  experimental  setup, 
the  Manzanares  prototype  plant  was  built  [1,10-11];  the  Connecti¬ 
cut  setup  [12],  the  Izmit  setup  [13],  the  Florida  setup  [14],  the 
Wuhan  setup  [15],  the  Botswana  setup  [16],  the  Brazil  setup  [17], 
and  the  Isparta  setup  [18]  were  built  up  and  tested,  and  some 
investigations  were  done  on  them.  Their  parameters  are  presented 
in  Table  1 .  The  characteristics  of  the  SCPP  are:  ( 1 )  Operation  cost  is 


Fig.  1.  Graph  of  annual  solar  global  radiation  in  regions  of  China  [3,5]  (unit:  kj/cm2). 


Fig.  2.  Schematic  diagram  of  SCPP. 


low.  (2)  Cooling  water  is  not  needed.  (3)  Construction  technology  is 
familiar,  and  materials  are  abundant  and  cheap.  (4)  Soil  layer  under 
the  collector  roof  can  work  as  natural  energy  storage  system.  (5) 
Both  direct  and  diffuse  solar  radiations  are  utilized.  The  major 
concentrating  solar  thermal  power  plants  (e.g.  solar  trough  plant, 
solar  tower  plant,  and  solar  dish  plant),  often  driven  by  high- 
temperature  steam  produced  from  solar  concentrators,  can  only 
use  direct  radiation.  Thus  SCPP  can  operate  on  clear  and  overcast 
days  and  nighttime  affected  by  its  fourth  and  fifth  features.  (6)  The 
SCPP  energy  conversion  efficiency  is  lower  than  other  renewable 
energy  power  systems,  but  can  be  improved  by  increasing  its 
dimension.  SCPP  is  designed  to  produce  electric  power  on  a  large 
scale.  For  commercial  power  plant  producing  energy  economically, 
not  only  is  a  large  collector  area  necessary  for  collecting  solar 
energy,  but  also  a  high  gigantic  chimney  is  required  to  house  a  big 
turbine  and  to  obtain  a  large  driving  force. 

A  salt  gradient  solar  pond  is  usually  a  solar  energy  storage 
system  which  collects  solar  radiation  and  stores  it  in  the  brine  in 
form  of  thermal  energy  for  a  long  period  of  time,  whose 
temperature  could  reach  >100  °C.  Salt  lake  is  a  natural  solar 
pond,  which  can  be  used  as  heat  storage  system  for  SCPP  to  give  a 
much  more  uniform  daily  output  profile  [19-21]. 

3.  SCPP  in  Qinghai-Tibet  Plateau 

Most  parts  of  Qinghai-Tibet  Plateau  (longitude  between  E74° 
and  El 04°,  Latitude  between  N25°  and  N40°),  the  largest  plateau  in 
China  and  the  highest  plateau  in  the  world,  are  located  in 
Southwest  China,  including  Tibet,  Qinghai,  Western  Sichuan, 
Southern  Sinkiang,  and  some  regions  in  Gansu  and  Yunnan,  which 
covers  2.57  million  km2,  accounting  for  26.8%  of  the  total  land  of 
China  (Fig.  3)  [22].  This  plateau  is  called  the  Tibet  Roof  of  the 
World,  with  mean  elevation  ranging  from  4000  to  5000  m,  which  is 
surrounded  by  many  high  mountains  more  than  6000  m  in 
elevation,  such  as  the  Kunlun  Shan,  Tian  Shan,  Qilian  Shan, 
Hengduan  Shan.  This  plateau  is  also  divided  into  many  basins  and 


Table  1 

Parameters  of  pilot  experimental  SCPP  setups  [1,10-18]. 


Setup 

Chimney 

height/m 

Collector 
diameter  or  area 

Power/kW 

Manzanares  prototype 

194.6 

244  m 

50 

Connecticut  setup 

10 

6  m 

- 

Izmit  setup 

2 

9  m2 

- 

Florida  setup 

7.92 

9.15  m  and  18.3  m 

- 

Wuhan  setup 

8.8 

10m 

- 

Botswana  setup 

22 

160  m2 

- 

Brazil  setup 

11 

25  m 

- 

Isparta  setup 

15 

16m 

- 
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Qinghai,  724.  28% 


Sinkiang,  313,  12% 


Sichuan,  254,  10% 


Gansu,  74.9,  3% 
Yunnan,  30.5,  1% 


Tibet,  1176,  46% 


Fig.  3.  Districts  covered  of  Qinghai-Tibet  Plateau  and  their  area  (thousand  km2)  [22]. 


Table  3 

Distribution  of  salt  lakes  in  China’s  regions  [23]. 


Region 

Number  of 
salt  lakes 

Percent  to 
total  number/% 

Area/ km2 

Percent  to 
total  area/% 

Tibet 

234 

28.78 

8150.18 

20.53 

Qinghai 

71 

8.73 

18,986.38 

47.82 

Sinkiang 

112 

13.78 

10,789.56 

27.18 

Inner 

375 

46.12 

1441.2 

3.63 

Jilin 

2 

0.25 

63.8 

0.16 

Hebei 

2 

0.25 

54.7 

0.14 

Shanxi  1 

1 

0.12 

92 

0.23 

Shanxi  2 

9 

1.11 

52.1 

0.13 

Ningxia 

4 

0.49 

19.38 

0.05 

Gansu 

3 

0.37 

53 

0.13 

Total 

813 

100 

39,702.3 

100 

In  China,  there  are  two  Shanxi  Province,  i.  e.,  Shanxi  1  and  Shanxi  2. 


open  valleys  created  by  inner  mountains  such  as  Danggula  Shan, 
Gangdise  Shan  and  Nyainqentanglha  Shan. 

Annual  global  solar  radiation  of  the  major  regions  of  Qinghai- 
Tibet  Plateau  is  more  than  6500  MJ/m2,  and  sunshine  duration  lies 
between  2500  h  and  3600  h  per  year.  The  annual  global  solar 
radiation  and  atmospheric  temperature  of  the  plateau  were 
compared  with  other  regions  by  taking  nine  regions  of  Qinghai- 
Tibet  Plateau  and  ten  regions  out  of  the  Plateau  as  examples 
(Table  2).  The  results  shows  that  the  annual  global  solar  radiation 
of  the  regions  in  the  Qinghai-Tibet  Plateau  is  much  more  than  the 
other  regions  with  almost  the  same  latitude,  for  example,  the 
annual  global  solar  radiation  in  Lhasa,  Gerze,  or  Qaidam  and  others 
is  twice  as  much  as  at  Xi’an,  Chengdu,  Guiyang,  which  have  the 
almost  same  latitude.  However,  the  average  annual  atmospheric 
temperature  is  lower. 

Direct  solar  radiation  is  the  main  part  of  global  solar  radiation  in 
the  plateau,  with  the  percentage  lying  between  55%  and  78%.  The 
largest  values  are  found  in  Southern  and  Western  Tibet  (e.g. 
Shiquanhe  with  78%,  Lhasa  with  69%),  larger  values  in  Qaidam 
basin  (e.g.  Gomud  with  61%),  and  the  lowest  values  in  Nagqu- 
Yushu  Plateau  and  Southeast  Tibet,  lie  between  55%  and  57%.  The 
values  are  usually  higher  than  the  same  latitude  regions,  such  as 
Shanghai  with  a  value  of  50%,  Xi’an  with  47%,  Yichang  with  45%, 
Chongqing  with  39%  and  Chengdu  with  32%. 

A  survey  of  the  diurnal  temperature  ranges  of  plateau  climate, 
mountain  climate,  mainland  climate,  and  marine  climate  found  that 
the  diurnal  temperature  ranges  of  plateau  is  the  highest  due  to  high 
elevation  and  thin  air.  For  diurnal  temperature  range,  Qinghai-Tibet 
Plateau  can  be  separated  into  two  parts:  high-value  regions  in 


Qaidam  basin,  Ali  area,  Nagqu,  Tingri,  Hainan  Tibetan  Autonomous 
Prefecture,  Golog  Tibetan  Autonomous  Prefecture  where  annual 
diurnal  temperature  ranges  are  often  higher  than  17  °C  (e.g.  annual 
diurnal  temperature  range  can  reach  up  to  17.7  °C  in  Lenghu, 
Qinghai  province),  and  the  low-value  regions  where  annual  diurnal 
temperature  ranges  are  lower  than  14  °C,  but  higher  than  the  same 
latitude  regions  not  in  Qinghai-Tibet  Plateau  [4]. 

There  are  many  salt  lakes  located  in  the  Qinghai-Tibet  Plateau 
that  can  be  used  to  ensure  the  efficient  operation  of  SCPP  by  using 
them  as  heat  storage  systems  during  cloudy  days  and  at  night.  As 
can  be  seen  in  Table  3,  salt  lake  area  in  Tibet  and  Qinghai  accounts 
for  68.35%  of  the  total  area  in  China.  Qinghai  Lake,  the  largest  salt 
lake  is  located  in  Qinghai,  having  an  area  of  4456  km2.  Nam  Lake, 
the  highest  salt  lake  is  located  in  Tibet,  having  an  area  of  about 
2000  km2  at  an  elevation  of  4650  m  [23].  In  the  table,  only  the 
inland  salt  lakes  with  areas  of  more  than  1  km2  were  recorded. 

The  unique  features  of  building  SCPP  in  Qinghai-Tibet  Plateau 
are: 

1.  Nearly  no  person  and  industry  will  be  affected  by  the  SCPP  in 
Qinghai-Tibet  Plateau  which  is  sparsely  populated. 

2.  The  land  is  vast,  relatively  flat  and  barren,  which  is  suitable  for 
SCPP  location,  despite  high-elevation.  Free  use  of  uncultivated 
deserts  and  barren  mountains  will  avoid  purchasing  land  for  the 
establishment  and  construction  sites  for  solar  collector  and 
provide  an  effective  approach  to  the  exploitation  of  uncultivated 
and  barren  regions.  Furthermore,  abundant  solar  radiation  is  an 
important  factor  to  improve  the  power  output  of  SCPP  in  the 
plateau.  Both  high  direct  solar  radiation  and  low  ambient 


Table  2 

Annual  global  solar  radiation  and  atmospheric  temperature  of  some  cities  in  and  out  of  Qinghai-Tibet  Plateau  [3,4]. 


Region 

Longitude 

Latitude 

Mean  elevation/m 

Annual  solar 
radiation/MJ/m2 

Average  annual 
atmospheric  temperature/°C 

Lhasa 

E91°06' 

N29°36' 

3650 

7802.8 

8.9 

Gerze 

Esrsg'-se0 

N31°30/-35°40/ 

4700 

7565.8 

-0.2 

Qamdo 

E96°5T 

N31°15' 

3500 

6552 

7.6 

Bange  Lake 

E89°29' 

N31°43' 

4522 

8274 

-1.4 

Qaidam 

E90°16/-99°16/ 

N35-39°20/ 

2600-3000 

7770 

5.5 

Gomud 

E94°53;24 

N36°25'12 

2807 

6930 

-4.2 

Xining 

E101°49/17" 

N36°34/3// 

2261 

6105 

5.7 

Yushu 

E89°27/-97°39/ 

N31°45/-36°10/ 

4200 

6720 

-0.8 

Lenghu 

E92°88/-94°30/ 

N37°46/-39°18/ 

2783 

7447 

2.6 

Urumqi 

E86°37/33//-88°58'24// 

N42°45/32//-44°08/ 

800 

5964 

7.5 

Hohhot 

E110o46/-112°10/ 

N40°51/-41°8/ 

1040 

6090 

7.7 

Shenyang 

E123°24/ 

N41°48/ 

<500 

4956 

8 

Beijing 

E116°23/29// 

N39°54/20// 

<500 

5586 

13.2 

Jinan 

El  17° 

N36°40/ 

<500 

5292 

14.4 

Nanjing 

E118°22//-119°14// 

N31°14//-32°37// 

<500 

4914 

16.3 

Shanghai 

E121°29/ 

N31°14/ 

<500 

4851 

17.1 

Xi’an 

E108°54/39// 

N34°13/58/' 

<500 

3948 

15 

Chengdu 

E102°54/-104°53/ 

N30°05/-31°26/ 

500 

3738 

16.2 

Guiyang 

E106°  07/-107°17/ 

N26°ll/-27°22/ 

1071 

3819 

14.1 
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temperatures  can  help  to  improve  the  conversion  efficiency  of 
SCPPs.  Large  diurnal  temperature  ranges,  helping  in  the 
continuous  operation  of  the  turbines  after  sunset  are  also 
another  valuable  resource  for  solar  chimney  power  generation. 
Lots  of  salt  lakes  in  the  plateau  can  be  used  as  heat  storage 
system  for  SCPP  to  give  a  much  more  uniform  daily  power 
output  profile  and  increase  the  total  power  output  by  enlarging 
receiving  surface  of  solar  radiation. 

3.  SCPP  can  help  in  local  ecological  restoration  [24-25],  thus 
lessening  soil  erosion  and  disasters  from  floods  in  the  lower 
reaches  of  some  rivers,  e.g.,  Yangtze  River,  which  have  their 
sources  in  the  Qinghai-Tibet  Plateau. 

4.  SCPP  can  power  the  local  railway  traffic  lines  and  supply  the  rest 
of  the  power  to  the  developed  eastern  regions  by  acting  as  the 
solar  power  base  of  China. 

5.  Solar  chimney  power  generating  industry  can  promote  the  local 
and  national  social  progress,  and  guarantee  social-economic 
stability. 

4.  Mathematical  model 


Energy  conversion  by  SCPP  can  be  divided  into  three  phases:  the 
collector  converts  solar  energy  to  thermal  energy  of  the  air,  the 
chimney  converts  thermal  energy  to  kinetic  energy  of  airflow,  and 
the  turbine  generators  convert  the  kinetic  energy  of  airflow  to 
electric  power. 

Pretorius  and  Kroger  [26]  developed  a  detailed  model  to 
simulate  the  airflow  and  heat  transfer  in  solar  chimney  power 
plants.  In  his  model,  the  thermal  storage  is  taken  into  consider¬ 
ation.  Zhou  et  al.  [27]  proposed  a  compressible  flow  model  to 
accurately  simulate  the  velocity  of  flow. 

In  this  work,  thermal  storage  and  air  compressibility  are  not 
considered  because  the  total  potential  power  in  a  year  is  simply 
estimated  in  the  analysis  based  on  the  annual  and  monthly  global 
solar  radiation.  A  simple  mathematical  model  is  presented,  which  is 
used  to  evaluate  the  performance  of  the  SCPP.  In  the  model,  the  air 
follows  the  ideal  gas  law,  and  the  chimney  wall  is  considered  to  be 
adiabatic  and  slippery.  The  heat  gain  of  air  in  the  collector  is  given  by 

CpDiAT  =  rjcollACO[,C  (1) 

where  cp  is  specific  heat  capacity  of  air,  A T  is  temperature 
difference  between  the  collector  outlet  air  and  the  ambient  air,  rjcoll 
is  collector  efficiency,  G  is  global  solar  radiation  intensity,  and  the 
mass  flow  rate  of  operating  air  passing  through  the  chimney,  m  f, 
can  be  calculated  with  the  help  of  the  following  equation: 

m  =  pwMAc  (2) 

where  p  is  the  density  of  air  at  the  outlet  of  the  solar  collector,  Ac  is 
the  chimney  cross  section,  and  wM  is  the  maximum  vertical 
velocity  of  flow  at  the  chimney  inlet.  The  maximum  vertical 
velocity  is  assumed  to  be  obtained  when  the  turbine  is  removed  off 
and  friction  losses  are  neglected.  wM  can  be  given  by 


wM  =  J2gH—  (3) 

According  to  Eqs.  (l)-(3),  wM  can  further  be  written  as, 

(2gHricollAcouG\ 1/3 

Wm  =  {  cppT0Ac  )  (4) 

The  dynamic  pressure  in  the  chimney  under  no  load  conditions 
is  found  to  be  equal  to  the  pressure  potential  (available  system 
pressure  difference)  [6].  The  pressure  potential  is  calculated  by 


According  to  Bernardes  et  al.  [28],  the  theoretical  utilizable 
power  taken  up  by  the  turbine  is  expressed  as 

P  =  r)tgApAcwMaV\  -  a  =  ^ pw3MAcr)tgaV\  -  a  (6) 

Substituting  Eq.  (4)  into  Eq.  (6),  it  can  be  written  as 

p  _  HAcoiiG  griC0,iritgaVl  -  a 

To  Cp 

where  r/tg  is  mechanical  efficiency  of  the  turbine  generators,  and  a 
is  the  ratio  of  pressure  drop  in  the  turbine  to  pressure  potential. 
Von  Backstrom  and  Fluri  [29]  reported  that  the  optimum  value  of  a 
is  (n  -  m)/(n  +  1 ),  where  m  is  pressure  potential  exponent,  and  n  is 
pressure  loss  exponent.  The  value  of  a  is  typically  a  number 
between  2/3  and  1,  and  is  equal  to  2/3  when  pressure  potential  is 
assumed  to  be  constant.  In  reality,  to  calculate  the  power  taken  up 
by  the  turbine  conveniently,  a  constant  value  is  used  in  the  models. 
Schlaich  et  al.  [9]  recommended  a  value  of  a  equal  to  0.8  while 
Bernardes  et  al.  [28]  recommended  a  value  as  high  as  0.9.  From 
Eq.  (6),  when  a  is  assumed  to  be  a  constant,  power  production  is 
proportional  to  the  cube  of  velocity  magnitude  at  the  chimney  inlet 
where  the  turbine  generators  are  installed.  In  this  model,  the  value 
of  a  is  set  at  0.9. 

The  physical  properties  of  air  are  assumed  to  vary  linearly  with 
air  temperature  because  of  the  low  temperature  range  encoun¬ 
tered.  The  heating  process  of  the  airflow  in  the  collector  can  be 
treated  as  constant  pressure  expansion  process  [30].  Airflow 
density  p  can  also  be  taken  to  be  related  by  empirical  relation  for 
air  properties  [31]  and  is  given  by 

p=  1.1614-0.00353(7-300)  (8) 

Total  energy  conversion  efficiency  of  SCPP,  rj,  can  be  expressed 
as  the  ratio  of  P  to  solar  radiation  radiated  on  solar  collector, 


Based  on  the  above  model,  computation  has  been  carried  out  to 
predict  and  analyze  the  SCPP  performance. 


5.  Results  and  discussion 


5.2.  Performance  of  SCPP 

To  carry  out  the  analysis  of  SCPP  performance,  we  consider  a 
reference  100  MW  SCPP  for  an  example,  whose  baseline  param¬ 
eters  are  given  in  Table  4.  The  SCPP  has  a  collector  5650  m  in 
diameter,  and  a  chimney  1000  m  high  with  a  diameter  of  80  m.  In 
this  model,  the  collector  efficiency  is  assumed  to  be  65%  [6,32]. 
Solar  radiation  intensity  and  atmospheric  temperature  are 


Table  4 

Baseline  parameters  of  reference  SCPP  with  100  MW  power  output. 


Parameter 

Value 

Unit 

Collector  diameter 

5650 

m 

Chimney  height 

1000 

m 

Chimney  diameter 

80 

m 

Solar  radiation  intensity 

800 

W/m2 

Atmospheric  temperature 

20 

°C 

Collector  efficiency 

65 

% 

Temperature  rise 

17 

°c 

Density  of  air  at  collector  outlet 

1.13 

kg/m3 

Maximum  updraft  velocity  under 

33.7 

m/s 

no  load  condition 

Updraft  velocity  under  on  load  condition 

10.7 

m/s 

Power  output 

100 

MW 

Total  efficiency 

0.5 

% 
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Fig.  4.  Solar  radiation  intensity  and  atmospheric  temperature  versus  power  output. 


Fig.  5.  Solar  chimney  height  and  collector  diameter  versus  power  output. 


assumed  to  be  800  W/m2  and  20  °C.  The  results  show  that  the 
temperature  rise  in  the  air  in  the  collector  at  17  °C,  gives  a 
maximum  updraft  velocity  33.7  m/s  under  no  load  condition,  while 
the  updraft  velocity  under  on  load  condition  lies  at  10.7  m/s.  The 
total  efficiency  under  these  conditions  is  about  0.5%. 

Figs.  4  and  5  show  the  variation  of  power  output  with  collector 
diameter  ranging  from  2000  to  10000  m  and  chimney  height  from 
35  to  1200  m,  and  with  solar  radiation  intensity  ranging  from 
200  W/m2  to  1 200  W/m2  and  ambient  temperature  from  -30  °C  to 
60  °C.  A  height  of  1200  m  or  higher  can  be  reached  for  solar 
chimney  by  going  along  the  surrounding  mountain-topography 
[33]  or  using  novel  floating  solar  chimney  technology  [8].  The 
floating  solar  chimney  will  also  not  be  damaged  by  possible  natural 
disasters  such  as  earthquakes  [8].  These  results  show  that  the 
power  output  sharply  increases  with  an  increase  in  chimney 
height,  collector  area,  and  solar  radiation  intensity,  but  slowly 
reduces  with  an  increase  in  atmospheric  temperature  based  on 
Eq.  (7).  Substituting  Eq.  (3)  into  Eq.  (6),  it  can  also  be  rewritten  as. 


P  =  21/2  (guff)  ' 


a 


(10) 


From  Eq.  (10),  the  influence  of  atmospheric  temperature  on  the 
power  output  will  be  much  larger  during  night  time  without  solar 


radiation  input.  This  also  shows  that  large  diurnal  temperature 
range  is  definitely  a  valuable  resource  for  solar  chimney  power 
generation  after  sunset. 

5.2.  Performance  of  SCPP  in  Qinghai-Tibet  Plateau 

Fig.  6  shows  the  yearly  power  output  from  the  reference  SCPP  at 
various  locations  of  Qinghai-Tibet  Plateau  in  comparison  to  other 
regions,  whose  conditions  are  presented  in  Table  2.  As  expected, 
the  power  output  profile  is  uniform  with  solar  radiation  profile.  In 
comparison  with  other  regions,  the  difference  between  the  value  of 
power  output  and  that  of  solar  radiation  in  the  plateau  is  slightly 
higher  where  the  effect  of  lower  atmospheric  temperature  is  taken 
into  consideration.  Without  any  doubt,  when  the  heat  storage 
function  and  large  diurnal  temperature  range  effect  is  taken  into 
consideration,  the  difference  in  the  power  outputs  from  SCPP  in 
and  out  of  Qinghai-Tibet  Plateau  will  definitely  be  larger. 

To  analyze  performance  of  SCPP  in  Qinghai-Tibet  Plateau,  three 
locations  were  selected,  including  a  high  solar  radiation  region, 
Lhasa  in  Tibet,  a  low  solar  radiation  region,  Xining  in  Qinghai,  and 
another  region  not  in  the  plateau,  Guiyang.  Their  latitudes  lie 
between  N25°  and  N40°.  The  investigation  from  1960  to  2002 
shows  global  solar  radiation  in  the  Qinghai-Tibet  Plateau  has  small 
yearly  fluctuations  around  a  average  value  [34].  In  this  work  we 
takes  the  global  solar  radiation  data  from  1979  to  1981  being  close 
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Fig.  6.  Yearly  power  output  from  reference  SCPP  in  various  regions  in  and  out  of  Qinghai-Tibet  Plateau. 
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Fig.  7.  Global  solar  radiations  at  three  locations  versus  month. 


to  the  average  values  as  an  example  to  perform  analyses  [3-4] 
(Figs.  7  and  8).  The  atmospheric  temperatures  refer  to  Ref.  [35].  The 
results  show  that  the  three  power  output  profiles  show  a  uniform 
trend.  The  high  power  values  are  reached  between  April  and 
September,  while  the  profiles  drop  to  the  nadir  in  Jan  and 
December  (Fig.  9).  The  peak  power  reaches  103.4  TJ  in  May,  85.4  TJ 
in  June,  and  58.4  TJ  in  July  respectively.  The  lowest  value  of  61.6  TJ 
in  December  of  this  year  for  Lhasa  is  even  higher  than  the  peak  of 
58.4  TJ  for  Guiyang.  The  annual  global  solar  radiation  for  Lhasa  and 
Xining  is  equal  to  992.8  TJ,  and  783.3  TJ,  which  is  2.1  times  and  1 .65 
times  more  than  that  for  Guiyang  at  475.4  TJ  respectively  for  the 
same  year. 

5.3.  Power  potential  of  SCPP  in  Qinghai-Tibet  Plateau 

According  to  the  year  2001  statistical  data,  the  population  of 
Qinghai-Tibet  Plateau  was  12.05  million,  with  64.32%  of  popula¬ 
tion  distributed  in  the  plateau  and  the  rest  on  the  plateau  edge. 
This  population  in  the  plateau  covering  26.8%  of  the  total  land  of 
China  only  accounts  for  0.94%  of  the  total  population  of  China 
which  stood  at  1276.3  million  in  2001  [36].  In  the  plateau,  the 


Fig.  8.  Atmospheric  temperatures  at  three  locations  versus  month. 
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Fig.  9.  Power  outputs  at  three  locations  versus  month  of  a  year. 


Power  output/Million  TJ 

□  Yearly  power  output  ■  China’s  energy  consumption  in  2008 

Fig.  10.  Comparisons  of  yearly  power  output  with  various  percent  of  SCPP 
construction  region  area  to  total  plateau  area  and  China’s  energy  consumption  in 
2008. 

population  density  is  very  low,  and  majority  of  plateau  land  is 
unused.  This  is  one  reason  and  the  advantage  that  can  be  taken  to 
use  the  plateau  lands  for  SCPP  construction  and  installation. 

The  potential  energy  production  is  estimated  based  on  annual 
global  solar  radiation  of  6500  MJ/m2,  and  mean  atmospheric 
temperature  of  5  °C.  Fig.  10  presents  variation  in  yearly  total 
potential  power  output  with  percent  of  SCPP  construction  region 
area  to  the  total  plateau  area  from  10%  to  100%  and  compares  these 
data  with  China’s  energy  consumption  in  2008  at  81.6  million  TJ 
[35].  This  figure  shows  that  when  all  the  regions  of  Qinghai-Tibet 
Plateau  are  used  as  construction  sites  of  SCPP,  the  yearly  total 
power  from  SCPP  which  could  reach  86.8  million  TJ  is  enough  to 
satisfy  the  energy  need  of  the  whole  country  in  2008,  however  it  is 
unrealistic  to  cover  solar  collector  in  the  whole  plateau.  When  10% 
to  20%  of  land  in  the  plateau  could  have  been  used  for  SCPP 
locations,  the  yearly  power  could  have  been  between  8.7  million  TJ 
and  17.4  million  TJ,  accounting  for  10.7-21.3%  of  China’s  energy 
consumption  in  2008.  This  shows  that  SCPP  in  the  plateau  can 
support  the  development  of  China  together  with  other  renewable 
energy  resources  such  as  hydroelectric  power,  wind  power, 
biofuel,  and,  geothermal  energy. 

6.  Conclusion 

A  mathematical  model  has  been  developed  for  air  flow  in  SCPP 
in  this  work.  SCPP  performances  were  investigated  with  the  model, 
and  the  results  were  then  compared  for  different  regions  with  the 
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almost  same  latitude.  The  following  conclusions  can  be  drawn 
from  the  analyses: 

(1)  There  is  vast  land,  abundant  solar  radiation,  high  direct  solar 
radiation,  low  ambient  temperatures,  large  diurnal  tempera¬ 
ture  ranges,  lots  of  salt  lakes  in  Qinghai-Tibet  Plateau.  The 
Plateau  is  therefore  suitable  for  construction  sites  of  SCPP  for 
utilizing  local  solar  radiation.  Additionally,  salt  lakes  in  the 
plateau  can  also  be  used  as  heat  storage  system  for  SCPP  to 
control  daily  power  output  profile  and  increase  the  total  power 
output  by  enlarging  receiving  surface  of  solar  radiation. 

(2)  Power  output  increases  with  an  increase  in  chimney  height  and 
collector  area.  It  also  increases  with  an  increase  in  solar 
radiation,  but  slowly  decreases  with  an  increase  in  atmospheric 
temperature  during  day  time.  While,  atmospheric  temperature 
has  a  larger  influence  on  the  power  output  during  night  time. 

(3)  The  power  output  of  SCPP  in  Qinghai-Tibet  Plateau  is  far  more 
than  that  of  the  same  latitude  regions  not  in  the  plateau.  The 
result  may  be  attributed  to  the  high  solar  radiation. 

(4)  The  yearly  total  power  potential  for  SCPP  in  Qinghai-Tibet 
Plateau  is  estimated  to  be  86.8  million  TJ.  When  10-20%  of  the 
plateau  land  is  used  for  SCPP  locations,  the  yearly  power 
production  can  reach  between  8.7  million  TJ  and  17.4  million 
TJ.  This  figure  can  account  for  10.7-21.3%  of  China’s  energy 
consumption.  This  shows  that  SCPP  in  the  plateau  can  support 
the  local  and  national  development  together  with  other 
renewable  energy  resources. 
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